Xklpl is a novel Xenopus kinesin-like protein with a motor domain at the amino terminus, nuclear localization sequences in the stalk, and a putative zinc fingerlike sequence in the tail. It is nuclear during interphase and chromosomal during mitosis. During late anaphase, a fraction of the protein relocalizes to the spindle interzone and accumulates in the midbody during telophase. Depletion of Xklpl protein by antisense oligo knockout in oocytes leads to defective mitosis during the first cell cycles following fertilization. The bipolarity of spindles assembled in vitro in the presence of anti-Xklpl antibodies is unstable, and the chromosomes fail to congress on the metaphase plate.
Introduction
Mitosis proceeds in three major steps: assembly of the mitotic spindle, separation of the sister chromatids, and cytokinesis. A complete understanding of the principles underlying the morphogenesis and function of the mitotic spindle requires the identification of the molecules regulating microtubule dynamics and of the microtubule-dependent motors involved in each step of mitosis. Apart from the localization of dynein at kinetochores, the microtubuledependent motor proteins that have been identified and localized so far in the spindle belong to the kinesin family (kinesin-like proteins [KLPs] ; Pereira and Goldstein, 1994; Bloom and Endow, 1995) .
Although the number of mitotic KLPs identified is already 21sabelle Vernos and Jos Raats have contributed equally to this work and should both be regarded as first authors.
quite high, some mitotic events that are likely to require the activity of motors still lack their partners. For example, it has been postulated that the polar ejection forces, which form part of the mechanism leading to the congression of chromosomes on the metaphase plate, are produced by plus end-directed motors associated with the chromosome arms (Theurkauf and Hawley, 1992; Zhang et al., 1990) . Also, microtubule motors are predicted to be involved in spindle pole function and antiparallet microtubule sliding in anaphase and telophase. Finally, the kinetochore motors that mediate chromosome distribution have not been unambiguously identified (Gorbsky, 1992) . We previously reported partial sequences of four kinesin-like transcripts in Xenopus laevis oocytes (Vernos et al., 1993) . H ere, we present the characterization of Xenopus kinesin-like protein 1 (Xklpl). The protein organization is conventional, but features in its sequence and its localization pattern in cells indicate that it belongs to a novel family of KLPs. Xklpl is nuclear in interphase and remains on the chromosomes during mitosis. At late anaphase, part of the protein migrates toward the spindle midzone and becomes associated with the midbody. Depletion of the Xklpl mRNA from oocytes by use of the antisense technique leads to abnormal mitosis. Metaphase spindles assembled in frog egg extracts in the presence of anti-Xklpl antibodies are unstable, with chromosomes scattered throughout the spindle.
Results

Xklpl Sequence and Structural Organization
Using a polymerase chain reaction (PCR)-based approach, we previously identified four novel members of the kinesin family of motor proteins in Xenopus (Vernos et al., 1993) . One of them, Xklpl, has been fully sequenced. The predicted protein has 1226 amino acids, an estimated relative molecular mass of 1.39 x 105 Da and a pl of 8 (Figure la) . The overall organization of the predicted protein is similar to that of kinesin and many other members of the family (Figure lb) . A putative motor domain located at the amino-terminal end of the protein is linked to the 210 amino acid tail domain by a 540 amino acid region predicted to be m-helical. The Pepcoil program (Lupas et al., 1991) shows that this region may be involved in coiled-coil interactions (Figure lb) .
Xklpl Contains Nuclear Localization Signals, a Zinc Finger-Like Domain, and a Consensus Cdc2 Phosphorylation Site
The analysis of the Xkipl protein sequence showed that it contains fou r sequences that conform to the consensus for nuclear localization (nuclear localization signals [NLSs] ) (Dingwall and Laskey, 1991) . These sequences (Figures la and 1 c) are organized in tandem and are localized in the region predicted to be a-helical (Figure lb) .
We used the region comprising amino acids 1050-1226, corresponding to the predicted tail region, to search the 
Microtubule Binding Properties of Xklpl
We found that in the presence of AMP-PNP, about 60% of the protein pelleted with endogenous, taxol-stabilized microtubules. About 50% of the protein was released from microtubules by one incubation with 10 mM Mg-ATP and most of it after a second incubation with ATP. The efficiency of release was enhanced by adding 0.5 M NaCI to the ATP, and unlike the case for other KLPs, about 50% of Xklpl was eluted from microtubules by 0.5 M salt alone (data not shown). This is similar to the microtubule binding properties of KIF4 (Sekine et al., 1994) , as expected from the high level of conservation between the two proteins.
Xklpl Is Localized in the Nucleus, on Mitotic Chromosomes, and at the Spindle Interzone
The subcellular distribution of Xklpl was determined by confocal microscopy of whole-mount stained Xenopus e mbryos (stage 8/9; Figures 3a, 3b, and 3c). Xklpl was detected on chromosomes throughout the cell cycle (red color in Figure 3 ). There was also some staining on the microtubules ( Figure 3 ; yellow color due to overlap of green anti-tubulin and red anti-Xklpl stainings). The midbody became strongly stained in telophase (data not shown).
To extend these results, we performed an immunofluorescence study on the Xenopus cell line XL177 (Miller and Daniel, 1977) . During interphase, Xklpl was detected in the nucleus (Figure 3d ). In most cases, the protein seemed to colocalize tightly with DNA foci strongly labeled with Hoechst (data not shown). During prophase, Xklpl staining became very intense on the condensing chromosomes ( Figure 3e ; Hoechst chromosomal staining not shown). This intense chromosomal staining persisted throughout mitosis (Figures 3f-3i ). After the separation of the chromatids during anaphase (Figures 3g and 3j) , an additional staining appeared as elongated bars in the spindle interzone, and as dots at the plus end of nonoverlapping spindle microtubules . This staining became progressively more intense during anaphase and telophase, when the protein seemed to migrate along interzonal microtubules (Figures 3j-3m ). Finally, Xklpl became concentrated into a disc oriented perpendicular to the spindle axis as determined by the observation of serial confocal sections. This disc was localized in the region of reduced tubulin staining, and its diameter decreased at the same time as the cleavage furrow formed (Figure 3i ). The protein localized at the interzone during telophase became incorporated into the midbody at the end of cytokinesis.
Xklpl Is a Major Component of Mitotic Chromosomes Assembled In Vitro
Xklpl was also found associated with mitotic chromosomes by a completely independent approach aimed at identifying proteins involved in chromatin condensation. Mitotic chromosomes assembled from sperm chromatin in a mitotic extract were isolated by sedimentation through a sucrose cushion (Hirano and Mitchison, 1994) . As shown in Figure 4a somes assembled in vitro were strongly stained both by the anti-XCAP-D and by Ab 65 (data not shown). Topoisomerase II was extracted from assembled chromatin at a lower salt concentration than was Xklpl, suggesting that the chromosomal association of Xklpl was tighter than that of topoisomerase II (Figure 4c ; Hirano and Mitchison, 1993) .
Xklpl Is Essential for Mitosis in Xenopus Embryos
To examine the function of Xklpl in the early development of Xenopus embryos, we depleted the maternal Xklpl mRNA by injection of antisense oligodeoxynucleotides (oligos) into the oocyte and analyzed the phenotype of the embryos by using the host transfer technique (Heasman et al., 1991 (Heasman et al., , 1994 . Northern blot analysis of oocytes injected with oligos 7 and 9 showed that doses of 0.5 ng and 1 ng per oocyte reduced Xklpl mRNA level by 79% _+ 6% and 90% -+ 3°/0, respectively (Figures 5a and 5b) . Coinjection of oligo 9 and the corresponding sense oligo 10 (2 ng and 4 ng) prevented the depletion ofXklpl mRNA (Figure 5b) . As a control, we checked that cytokeratin (CK1/8) ( Figure 5a ) and vimentin (Vim) (Figure 5b) were not depleted by the anti-Xklpl oligos. These results show that maternal Xklpl mRNA can be efficiently and specifically depleted from oocytes that will remain depleted until the midblastula stage Heasman et al., 1994) .
We checked that depletion of Xklpl mRNA resulted in the inhibition of Xklpl protein synthesis (Figure 5c ). We also found that in Xklpl-depleted stage 6 embryos, the endogenous Xklpl protein level was decreased to the same extent in both Triton-insoluble and Triton-soluble fractions (600/0 -10°/0) (Figure 5d ).
The effect of Xklpl depletion on Xenopus development is shown in Figures 6A-6C and Figure 7 . All embryos fertilized normally; however, those that received 1 ng or more of antisense oligo failed to cleave at all. Of the embryos injected with 0.5 ng of oligo 9, 26% started to cleave at the same time as control embryos ( Figure 6A , red embryos). However, the cleavages became progressively more abnormal, so that at the equivalent of the 16-32 cell stage, cleavage furrows were either absent or incomplete in all the depleted embryos ( Figure 6B , green embryos). This effect was stronger in the vegetal half than in the animal half of the same embryo. Embryos coinjected with the sense and antisense oligos (9 and 10) cleaved normally in the same proportion as control embryos. Similar results were obtained in another series of experiments, in which a different antisense oligo (7) was injected ( Figure 7B ).
In most noncleaving Xklpl-depleted embryos observed at a stage equivalent to 16 cells, normal spindles were not observed ( Figure 6 ). Instead, two to four large DNA masses were seen, most of them showing no connection to microtubule-positive areas. In many cases, abnormal spindle structures surrounding these large DNA masses were observed ( Figures 6F, 6G , and 6H). They often formed long chains in which the microtubule asters were no longer associated with DNA. In some embryos, multipolar spindles were found in which condensed chromosomes were abnormally distributed, sometimes close to the pole fraction, Xklpl levels were decreased by 60% ± 100. In 32 cell embryos, Xklpl levels were decreased by 60% ± 10% in both the Tritoninsoluble and the Triton-soluble fractions. The synthetic Xklpl mRNA was translated in both oligo-injected and oligo-uninjected oocytes and embryos. No difference in exogenous Xklpl protein levels could be observed between oligo-injected and oligo-uninjected oocytes and embryos. Nonspecific staining of yolk protein is indicated by YOLK.
or almost outside the spindle ( Figure 6G ). We also found abnormal prophase figures with several asters surrounding a single nucleus, indicating that proper chromosome segregation had failed during the preceding cell cycles. The specificity of the antisense experiment was demonstrated by the rescue of the phenotypes by coinjection of the target mRNA (Figures 6C and 61; Figures 7B and 7C) . 
Xklpl Is Essential for Chromosome Positioning and Spindle Organization
To define more precisely the function of Xklpl, we examined spindle assembly in frog egg extracts. In control conditions (phosphate-buffered saline [PBS] and immunoglobulin G [IgG]), typical bipolar spindles assembled with the chromosome mass perfectly aligned on the metaphase plate (Figures 8a-8d ; see Sawin and Mitchison, 1991) . In extracts containing the anti-Xklpl antibody (MAb P10), bipolar spindles formed at a reduced frequency, and the density of spindle microtubules in the equatorial region was strongly reduced as compared with controls ( Figures  8a and 8c , with 8e and 8g). The chromosomes became delocalized along the microtubules in all figures observed, and some of them were even released in the surrounding extract (Figures 8f, 8h , and 8j). While under control conditions 88% of the structures formed were perfectly normal metaphase spindles, in extracts containing the Xklpl antibody, the abnormal phenotype was observed in 97% of the cases (average number from two independent experiments, total number of structures observed between 45 and 80 rain: 207 for the control and 165 for the experiment). This result correlates well with the phenotype of the antisensedepleted embryos and shows that Xklpl is required for chromosome positioning and bipolar spindle stabilization.
Discussion
Xklpl, KIF4, and KLP3A Form a Novel Kinesin Superfamily
We report here the cloning and characterization of Xklpl, a novel type of KLP from Xenopus identified initially by PCR (Vemos et al., 1993) . At the amino-terminal end, the predicted protein sequence contains a domain with high homology to the motor domain of kinesin and other KLPs. Additionally, we have identified three unique features in the predicted protein sequence of Xklpl: in the stalk, four NLSs, and in the tail, a cysteine-rich region and a consensus cdc2 phosphorylation site. Only two known proteins show homology to Xklpl outside the motor domain: the mouse KIF4 and the Drosophila KLP3A. The homology between Xklpl and KIF4 is very high throughout the length of the molecules, suggesting that they could be true homologs. Additionally, the microtubule binding properties of Xklpl and KIF4 are very similar, with a high salt sensitivity. KLP3A is slightly more divergent, but strikingly, apart from the motor domain, the conserved regions fall into the NLS, the cysteine-rich domain, and the cdc2 consensus phosphorylation site, indicating that these regions are functionally important. In their sequence similarity, these three proteins define a novel superfamily of KLPs.
Tissue Distribution and Subcellular Localization of Xklpl and KIF4
Xklpl and KIF4 have been isolated by PCR from a Xenopus oocyte cDNA library and a 5-day-old murine brain cDNA library, respectively. Xklpl is mostly present in oocytes and during early development as well as in testis, while KIF4 is present in juvenile mouse tissues but not in adult tissues. It seems that in Xenopus, Xklpl is present in minute amounts in brain extracts (see Figure 2c) . We conclude that the main function of these proteins is associated with cell division. Sekine et al. (1994) report that in juvenile neurones, about 50% of KIF4 is associated with the microsomal fraction. We have preliminary results in Xenopus egg extracts indicating that part of Xklpl could associate with vesicles (I. V. and E. K., unpublished data). We were able to distinguish some vesicular staining in the cytoplasm of XL177 cells and embryos by immunofluorescence, but we could not decide whether this was real. The staining seen on spindle microtubules, in particular at the microtubule plus ends in late anaphase, may well correspond to vesicles involved in cleavage furrow formation. The main discrepancy between the localization reported for Xklpl and that for KIF4 concerns the chromosomal association of Xklpl.
Nuclear and Chromosomal Localization of Xklpl
The presence of several NLSs in the Xklpl protein sequence suggests that it is transported very efficiently into the nucleus (Dingwall and Laskey, 1991) . In agreement with this, two different anti-Xklpl antibodies stain the nuclei of Xenopus tissue culture and embryonic cells. The potential homolog of Xklpl in the mouse, KIF4, also contains NLSs in its stalk domain, and Sekine et al. (1994) detect it weakly in the nucleus. By contrast, Xklpl is detected on chromosomes, whereas KIF4 is not.
There are seve ral reasons to think that the chromosomal localization of Xklpl is real. In prophase, the chromosomes are already strongly stained, although the nuclear envelope has not yet disassembled, ruling out a potential contamination of chromosomes by cytoplasmic stores of Xklpl during fixation. We usually fix cells and embryos with methanol alone or low glutaraldehyde concentrations in the presence of Triton. Although both methods are known to increase accessibility of difficult antigens to antibodies, the chemical reactions involved in protein fixation are entirely different; yet both methods allow visualization of the chromosomal staining. Sekine et al. (1994) fix the cells by using paraformaldehyde and glutaraldehyde followed by permeabilization. This kind of fixation strongly cross-links both soluble and cytoskeletal proteins in the cells, forming a thick gel that prevents accessibility of many antigens to antibodies. We think that this is the reason why they could not see KIF4 on the chromosomes. To test this possibility, we repeated the staining of XL177 cells with anti-Xklpl antibodies (both monoclonal and polyclonal) after fixation, using the procedure reported by Sekine et al. (1994) . We found the same kind of staining they report: poor staining on spindle microtubules and no staining on the chromosomes, with some staining of interphasic nuclei and diffuse cytoplasmic fluorescence.
Our immunofluorescence data, together with the direct biochemical analysis carried out entirely independently, demonstrate that Xklpl is associated with chromosomes. There are two features in the sequence of Xklpl that could be involved in the tight binding to chromatin that we observe. The first feature is found in the region between the NLS sequences. It could be required for interaction with chromatin-associated proteins or directly with DNA. Another feature potentially involved in the association with DNA is the cysteine-rich domain found in the tail of the protein. This domain contains the consensus separation of cysteines and histidines found in C2H2 zinc fingers. These structures are found in transcription factors and are known to mediate the interaction of these proteins with DNA. However, in the Xklpl sequence, the amino acids found in the loops do not fulfill the requirements for true DNA-interacting zinc fingers (Rosenfeld and Margalit, 1993) . The alignment of Xklpl, KIF4, and KLP3A shows that the positions of the nine cysteines in this region are entirely conserved. It is almost certain that this domain binds metal molecules and forms a zinc finger-like structure that may participate in the targeting of this class of KLPs to specific subcellular compartments.
Relocalization of Xklpl during Mitosis
Xklpl is mostly associated with chromatin until anaphase. The immunofluorescence images seen in XL177 cells suggest that the protein begins to move along the spindle microtubules during late anaphase A and then migrates toward the equatorial region while the chromosomes move apart during ana-telophase. Some posttranslational modification may occur on Xklpl to induce this movement. It is interesting to note that there is a cdc2 consensus phosphorylation site in the tail of the protein (see Figure 1 ) that may be important in this process (preliminary data indicate that Xklpl is phosphorylated).
Xklpl localization to the interzone occurs very progressively and is not correlated with a reduction in chromosomal staining. This timing of relocalization suggests that Xklpl may not be required for antiparallel microtubule sliding in anaphase B.
Xklpl Function
The antisense experiments show that Xklpl depletion results in an inhibition of cell division with formation of aberrant spindle figures. The occurrence of many asters not associated with chromosome masses suggests that centrosomes continue to duplicate without engaging in spindle assembly (Gard et al., 1990) . In addition, the low number of nuclei found at the 16 cell stage indicates a failure in chromosome segregation. These results suggest that Xklpl is required for normal spindle function and that the cleavage inhibition observed is a consequence of this defect.
The in vitro analysis of spindle assembly shows that Xklpl is indeed essential for normal spindle function. The establishment of a bipolar spindle does not seem to require Xklpl function, although it seems essential for the stabilization of bipolarity. Sawin et al. (1991) have described in the same system that microtubule density is significantly greater in spindles than in half spindles. The microtubule density in bipolar spindles formed in the presence of Xklpl antibody is much lower than that found in control bipolar spindles, in particular in the equatorial region (Figure 8 ). This suggests that Xklpl could be involved in stabilizing a population of spindle microtubules required to secure the bipolar state. In fact, Sawin and Mitchison (1991) have reported that some microtubules run alongside of chromatin without any obvious point of insertion. The localization of Xklpl on the chromosome arms suggests that it could stabilize some spindle microtubules that make contact with the chromosomes. This could be one of the steps in the hierarchy of events leading to microtubule stabilization by chromatin postulated by Sawin and Mitchison (1991) and required to form the cross-bridges between the antiparallel microtubules of a bipolar spindle.
In addition to its function in bipolar spindle stabilization, Xklpl is required for positioning chromosomes on the metaphase plate. The first phases of mitosis from prometaphase to early anaphase are characterized by an oscillation of chromosomes, based on rapid switching of the direction of movement toward and away from the poles (Rieder and Salmon, 1994) . These oscillations are probably essential for the congression of chromosomes on the equatorial plate. The poleward motion of chromosomes is often attributed to the activity of motor proteins localized at the kinetochores (Hyman and Mitchison, 1991) . The movements away from the poles seem to be produced by a combination of motor activities present at the kinetochores and of ejection forces produced by the polar arrays of microtubules pushing on the chromosome arms (Rieder and Salmon, 1994) . The nonkinetochore microtubules are dynamic, and it has been suggested that, in the growing state, they generate enough force to push the chromosome arms away from the pole. Another possibility that has been put forward (Theurkauf and Hawley, 1992; involves the activity of plus end-directed motors associated with chromosome arms. Since Xklpl is a novel KLP in showing such a localization and its inactivation leads to delocalized chromosomes, it is likely to be involved in chromosomal congression onto the metaphase plate. The egg extract contains soluble and insoluble pools of Xklpl. We have not demonstrated here that it is the chromosomal form of Xklpl that is involved in chromosomal congression, but this is the simplest hypothesis.
Although the cleavage inhibition observed in oligotreated embryos may simply be a consequence of abnormal spindle assembly, we cannot rule out that Xklpl has an additional function in cleavage furrow formation as well, since cleavages were blocked in antisense-treated embryos.
It has long been thought that chromosome arms do not play an active role in spindle assembly and organization, the kinetochores being the only region interacting with spindle microtubules (Mazia, 1987; Kirschner and Mitchison, 1986) . Over the last ten years, this idea has been challenged by several observations (Karsenti et al., 1984; Nicklas and Gordon, 1985; Sawin and Mitchison, 1991; Rieder and Salmon, 1994) . Xklpl is a novel example of a protein localized on chromosome arms with an essential role in spindle organization.
Experimental Procedures
Isolation and Sequencing of Xklpl cDNA The Xklpl cDNA clones purified from a Xenopus oocyte cDNA library (Vernos et al., 1993) were subcloned into M13mp18 and M13mp19. Single-stranded DNA was sequenced by using Sequenase (United States Biochemical Corporation).
Production of Xklpl Fusion Proteins and Antibodies
A fragment of Xklpl cDNA corresponding to the tail and part of the stalk (nucleotides 2790-3739) was ligated into the p-real-c2 vector (New England Biolabs). The fusion protein was purified by affinity chromatography on amylose resin and used to immunize rabbits. The serum was affinity purified on the fusion protein. The same fusion protein was used to immunize mice, and a monoclonal antibody (MAb P10) was produced by standard methods.
The peptide FREIHQRPEWEFN (amino acids 122-134) from the motor domain of Xklpl was cross-linked to KLH and used to produce monoclonal antibodies (MAb K4).
A synthetic peptide (HIPYRESKLTRILQDSLGGRTK) corresponding to a highly conserved region in the motor domain of kinesins was used to produce a polyclonal antibody, KMTBX.
Preparation of Motor Proteins from Eggs
Egg extracts (10,000 g) (Verde et al., 1991) were diluted three times in cold motor buffer (CMB; 100 mM K-PIPES, 0.5 mM EGTA, 2.5 mM magnesium acetate, 1 mM dithiothreitol [DI-T; pH 7] and protease inhibitors) and centrifuged at 180,000 × g for 90 rain. Taxol (20 ~M) and AMP-PNP (1.5 raM) were added for 40 rain at room temperature. The mixture was then loaded on a 15% sucrose cushion in CMB with 5 ~_M taxol and centrifuged at 22°C, 30,000 x g for 20 rain. The pellet was washed once and resuspended in CMB with 5 ~M taxol containing either 10 mM Mg-ATP, 10 mM Mg-ATP/0.5 M NaCI, or 0.5 M NaCI. After incubation for 30 rain at room temperature, the elutsd proteins were separated from the microtubules by centdfugation at 30,000 x g for 15 rain at room temperature.
Western Blotting and Extracts from Adult Tissues
Western blotting were carried out according to standard procedures (Harlow and Lane, 1988) . Quantitation of protein levels was performed with a Molecular Dynamics Personal Densitometer SI. Adult tissue extracts were prepared as previously described (Andersen et al., 1994) .
Immunofluorescence on Xenopus Embryos
Embryos were staged according to the protocols of Nieuwkoop and Faber (1956) and fixed in methanol. The whole-mount staining procedure was performed according to the protocols of Gard st al. (1990) .
For sections, the embryos were fixed in methanol and embedded in polyethylene glycol distearate wax. Sections (35 ~m) were dewaxed in xylene-ethanol, rehydrated, and stained with the anti-tubulin antibody (MD1A; ICN Biomedicals, Lisle, It.) and propidium iodide. around 0.5 p.m steps, and image analysis was performed by using the Adobe Photoshop program in a Macintosh Quadra. Images for figures were contrast-enhanced in the Adobe Photoshop program and copied to Canvas (Deneba Software, Miami, FL) for final graphic presentation. Figures were digitally printed by using a dye sublimation printing process (Kodak).
Thick embryo sections were observed by using a confocal microscope (Bio-Rad Microsciences) fitted to an Olympus BH2RFCA.
Plasmid Construction for the Antisense Experiment
The complete Xenopus Xklpl coding sequence was amplified by PCR and cloned into pSP64XI3M (Krieg and Melton, 1984) introducing the human c-Myc epitope. PCR-mediated site-directed mutagenesis (SDM) was used to introduce four base 3 mutations at the annealing site for oligo 9. Sequence analysis of the resulting vector, pXklpl myc5'sdm ~, revealed one base substitution that introduced the amino acid substitution of G285D. All DNA preparations used for in vitro mRNA synthesis were purified on CsCI gradients.
Oligonucleotides Used for the Antisense Experiment
Oligos 7 (5'-ATGCCCTCATCCTTCCCCAT-3') and 9 (5'-ACAGTTGGC-TCATI'CTCCTG-3') were selected as the most efficient in depleting Xklpl mRNA by Northern blot analysis. These oligos (7 and 9), the sense oligo 10 (5'-CAGGAGAATGAGCCAACTGT-3'), and a control oligo, 11 (5'-CGAACACGGAGAGTATAAGG-3) (directed against Xklp4; Vernos et al., 1993) , were synthesized in a modified form in which the 5'and 3'terminal four bases were linked by methoxyethylphosphoramidate linkages instead of the conventional phosphodiester bonds (Integrated DNA Technologies, Incorporated). The modified oligos were diluted in sterile distilled water, and 5-15 nl was injected at 0.1-0.5 ng/nl.
Oocytes and Embryos for the Antisense Experiments
injected and control oocytes were cultured for 32-48 hr after injection, matured, labeled with vital dyes, and transferred to a host female by use of the host transfer technique as described previously (Heasman et al., 1994 (Heasman et al., , 1991 . Embryos from each transfer experiment were analyzed by both Northern and Western blotting to ensure that mRNA knockout, exogenous protein expression, or both occurred properly.
Xenopus Oocyte Labeling, Extraction, and Immunoprecipitstion of Motor Proteins
Triton-soluble and -insoluble fractions from oocytes and embryos were prepared according to the protocols of Torpey et al. (1990) .
[~S]methionine-labeled total oocyte extract was obtained by culturing manually defolliculated oocytes in 3.5 cm dishes in 1.5 ml of methionine-free 50% Leibovitz L15 supplemented with BSA (40 rag/100 ml) and 500 p_Ci of [~S]methionine (44.6 TBq/mMol specific activity; New England Nuclear-Du Pont). After an 18 hr incubation, oocytes were matured by adding progesterone (final concentration, 2 pM) for 8 hr. Mature oocytes were washed 5 x in PBS and transferred to a douncer. An equal volume of acetate buffer (100 mM potassium acetate, 2.5 mM magnesium acetate, 60 mM EGTA, 0.01 mg/ml cytochalasin D, 1 mM DTT [pH 7.2], 4°C) was added. After douncing, 900 p~l of CMB was added. The mixture was centrifuged for 90 rain at 180,000 x g, 4°C, and the middle phase was removed. To this fraction, one volume of solubilization buffer (SOL; 50 mM Tris [pH 7.5], 150 mM NaCI, 1% NP-40, protease inhibitors [PMSF, aprotinin, leupeptin, pepstatin]) was added. For precipitation of Xklpl, protein A-Sepharose beads were incubated with Ab 65 in 1 ml of SOL buffer 2 hr at room temperature. After extensive washing in SOL buffer, beads were incubated with the radiolabeled extract containing equal amounts of radioactivity (cpm) overnight at 4°C. Precipitates were washed extensively in SOL buffer and subjected to 5o/0 SDS-polyacrylamide gel electrophoresis (PAGE). The gels were fluorographed, dried, and exposed to Fuji XR5 film. Quantification of signal after fluorography was performed with a Molecular Dynamics Personal Densitometer SI.
Northern Blot Analysis
Oocyte RNA was extracted as described previously (Gurdon et al., 1985) . Electrophoresis and Northern blotting were performed as described by Hopwood et al. (1989) , by using 1.5 oocyte equivalents per lane. Control probes were XCK1/8 coding sequence (Franz and Franke, 1986) or the Xenopus Vim1 clone (Torpey et al., 1990) . Probes were radiolabeled by use of the random prime method described by Feinberg and Vogelstein (1983) . Quantitation of mRNA signals was performed with a Molecular Dynamics Personal Densitometer SI.
In Vitro mRNA Synthesis
All pXklpl myc5'sdm c templates were linearized with BamHI and transcribed in vitro by using SP6 polymerase (Krieg and Melton, 1984; Krieg and Melton, 1987) . Five to fifteen nl were injected into the equatorial zone of the oocytes at 100-500 pg/nl.
Spindle Assembly in Extracts
Spindles were assembled by following the method of Sawin and Mitchison (1991) and Murray (1991) . Control nonspecific IgG (at 2.5 mg/ml), MAb P10 (at 2.3 mg/ml), or PBS was added to the mitotic extract at a 1:10 dilution and incubated on ice for 30 min. The mixture was then split in two tubes, and one of them was kept on ice. Sperm nuclei (2500 nuclei/id) and tetramethylrhodamine (TMR)-Iabeled bovine brain tubulin (Hyman et al., 1990) were added to the other tube and the mixture incubated at 20°C for 10 rain. Calcium was then added at a final concentration of 0.3 mM to induce the mitotic extract to enter interphase and the mixture incubated at 20°C. At 80 rain after calcium addition, the mitotic extract kept on ice was added to the interphase one to induce mitosis again. Samples were taken every 15 min and analyzed by fluorescence microscopy. Usually 1.2 ILl was spotted on a microscope slide, and 6 p.I of formaldehyde fix (Murray, 1991) was deposited on top and squashed gently under a coverslip.
